Abstract Since 1976, the US Food and Drug Administration (FDA) has used the premarket approval (PMA) process to approve high-risk medical devices, including implantable cardioverter defibrillators (ICDs), coronary stents, and artificial heart valves. The PMA process is widely viewed as a rigorous evaluation of device safety and effectiveness, though recent recalls-most notably related to underperforming ICD leads-have raised concerns about whether physicians and patients should sometimes be more wary about devices approved via this pathway. The FDA must utilize a "least burdensome" approach to approve new medical devices, and many widely used device models have been approved as supplements to existing PMA-approved devices with limited clinical testing. A recent Supreme Court ruling has made it difficult for patients harmed by unsafe PMA-approved devices to seek damages in court. Cardiologists who utilize high-risk medical devices should be aware that FDA approval of new devices relies on variable levels of evidence and does not necessarily indicate improved effectiveness over existing models. Clinician and patient engagement in postmarket surveillance and comparative effectiveness research remains imperative.
Introduction
Medical devices are widely employed in medicine and serve a particularly integral role in cardiac care. In fact, the use of many types of cardiac devices, including pacemakers and implantable cardioverter-defibrillators (ICDs), has increased substantially in recent years [1, 2] . Despite the importance and pervasive utilization of medical devices, few cardiologists are aware of the pathways through which new devices become available to US patients and the regulatory systems currently in place to evaluate investigational devices for safety and effectiveness.
The Food and Drug Administration (FDA) regulates all medical devices marketed in the US. High-risk devices, a category that includes ICDs, pacemakers, coronary stents, and artificial heart valves, are reviewed at the FDA via the premarket approval (PMA) process. The PMA process is generally regarded as the most rigorous medical device regulatory review process in the world [3] [4] [5] . However, recent studies examining the process have raised concerns about the quality of data that FDA experts consider when they review PMA applications [6] [7] [8] . In addition, many high-risk cardiac devices are actually approved as PMA "supplements," or changes to already-approved device models, often without the use of new clinical data to support the altered device design [9••] . Two recently recalled ICD leads -Medtronic Sprint Fidelis and St. Jude Medical Riata -were both approved via the PMA supplement process, during which the FDA did not require clinical data to support their approval [9••, 10•, 11, 12] . These recalled ICD leads were adopted briskly into clinical practice and implanted in hundreds of thousands of patients prior to their recall [10•, 12] . In addition, Zuckerman et al. found that from 2005-2009, the FDA issued 21 high-risk safety recalls for PMA-approved devices, over half of which were cardiovascular devices [13] . For example, the FDA's 2013 high-risk recall list included two vascular stents and a device used to deploy an atrial septal defect occlusion device [14] . These recalls underscore the importance of device regulation in protecting patient safety as well as the need for clinicians to understand the evidence supporting FDA approval of specific device technologies.
Cardiologists rely on the FDA's premarket approval process to provide assurance that high-risk devices are safe and effective, and patients depend on their physicians to choose the safest and most effective device models available. In this article, we review the PMA process used to approve high-risk cardiovascular devices, as well as the five different types of PMA supplements used to approve alterations to device design. We summarize the types of data required to approve new high-risk cardiovascular devices and discuss implications of the PMA process for clinicians and patients.
History of Premarket Approval
The FDA's Regulatory Power
The FDA first received statutory authority to regulate medical devices as part of the 1976 Medical Device Amendments to the federal Food, Drug, and Cosmetic Act [15] . Until that point, medical devices had no official premarket requirements and were subject to state-level oversight via consumerprotection statutes applicable to all commercial products. However, a public health crisis arose when the Dalkon Shield, an intrauterine device originally marketed in 1970 and used by millions of women in the US, was found to be associated with increased risk of pelvic inflammatory disease, sepsis, miscarriage, and death [16] . As with all medical devices at the time, there was no premarket assessment of the Dalkon Shield's safety or effectiveness [17] . After the Dalkon Shield was ultimately withdrawn from the market in 1974, the episode inspired Congress to centralize medical device regulatory power in the FDA [16, 17] .
The Medical Device Amendments enumerated three different regulatory classes of devices based on their risk to patients. Low-risk, or class I, devices (e.g., bandages, stethoscopes) are generally exempt from FDA review, requiring only registration with the agency and adherence to basic FDA standards about good manufacturing practices. Medium-risk, or class II, devices (e.g., blood pressure cuffs, peripheral vascular catheters) most often gain clearance for widespread use based on a finding of "substantial equivalence" to an existing marketed device [18] . This process is commonly referred to as the 510(k) pathway after the applicable section of the Federal Code. A finding of "substantial equivalence" means that the device shares pertinent characteristics with another marketed device that has been safely used by patients and, therefore, does not require additional clinical testing to ensure its safety and effectiveness. The substantial equivalence standard for class II devices has been criticized in recent years for failing to adequately assure device safety and effectiveness [16, 19] . The recent recall of metal-on-metal hip implants has served as an example of the danger in allowing new devices to gain 510(k) clearance based on similarity to previous versions, not based on evidence of safety and effectiveness [19] .
High-risk, or class III, devices -those which support or sustain human life, prevent impairment of human health, or present a potential, unreasonable risk of illness or injury -are generally reviewed via the premarket approval (PMA) process [20] . Historically, the FDA has permitted select categories of high-risk devices to gain clearance through the 510(k) pathway rather than requiring PMA approval, a practice that has been criticized in recent years [13, 19] . The FDA has been working to update device classifications to prevent high-risk devices from gaining approval via the substantial equivalence standard, so fewer such devices should be on the US market in the future [21] .
The PMA Process
The Medical Device Amendments established the standard of evidence for PMA review, authorizing the FDA to require "reasonable assurance of safety and effectiveness" for new high-risk devices [15] . Similar to the FDA process for approving new drugs, the PMA process requires manufacturers to perform pre-clinical and clinical studies before a device can be marketed ( Table 1 ). The FDA was granted permission to request from a device manufacturer any data it considered relevant to providing reasonable assurance of safety and effectiveness.
In the subsequent decades, Congress continued to amend the Food, Drug, and Cosmetic Act to address concerns that over-burdensome regulatory processes were inefficient and preventing new medical devices from reaching the market in a timely manner. For example, while all new high-risk devices were originally required to be reviewed by an independent panels of experts, Congress amended the law in 1990 to allow the FDA to internally review PMA applications in cases in which such panels were not deemed to be necessary [22] .
In the 1997 FDA Modernization Act (FDAMA), Congress required the FDA to work with manufacturers to determine "the least burdensome appropriate means of evaluating device effectiveness that would have a reasonable likelihood of resulting in approval" [23] . The FDA released a guidance document in 2002 that described how it intended to implement this "least burdensome" approach while still assuring device safety and effectiveness prior to marketing [24] . The FDA permitted the use of non-clinical data (bench or animal testing) in place of clinical data in limited circumstances, and, when clinical data was needed, urged manufacturers to consider study designs other than randomized controlled trials and the use of surrogate endpoints to shorten study duration [24] . The FDA also indicated that manufacturers could offer to formally collect safety and effectiveness data in the postmarket period to speed premarket review [24] . Finally, the FDA recommended using "information that is available from earlier versions of the same device or from marketing experience with similar devices" as part of a PMA review [24] .
Changes to a Device after Approval
After a high-risk device is approved via PMA, manufacturers may wish to make modifications to integral components of the design, such as improving battery life, upgrading software, or revising connectors to ensure compatibility with other devices. Unlike drugs, where any change to the active ingredient would create a new product requiring its own original FDA authorization, incremental alterations to device design are an accepted part of the product life cycle. The 1976 Medical Device Amendments provided no formal pathway for a device manufacturer to submit changes to a PMA-approved device. However, when the FDA published its first set of regulations related to PMA in 1986, it included the ability to supplement the design of existing devices to account for small technological innovations [25] . Congress then codified the PMA supplement process in FDAMA in 1997 [23] .
Supplements are permitted through five distinct pathways, with different data requirements for each type [26] . Manufacturers choose which pathway to use for a given device change, though the FDA maintains the right to override this decision if necessary. The most significant changes (so-called "paneltrack" supplements) are reviewed by an independent panel of experts and, like original PMA applications, must be supported by new clinical data. Changes requiring a panel-track supplement include new indications for an existing device, such as using a prosthetic heart valve approved for use in the aortic position to also be used in the mitral position [26] . Major changes to a device's design are approved via a 180-day review pathway, in which preclinical testing is often sufficient to assure safety and effectiveness with "limited confirmatory clinical data" needed in some cases [26] . Such major changes may include altered design (e.g., a thinner, more flexible ICD lead) or new features (e.g., wireless programming capabilities) [26] . Minor design changes, such as a circuitry modification to correct battery problems, may qualify for "real-time" review, in which the FDA meets with a manufacturer and issues a same-day decision [26] . To qualify for real-time review, a change must not require any new clinical data to assure safety and effectiveness [27] .
Changes to a device's manufacturing that do not alter the device itself (e.g., converting a manual manufacturing process to an automated one) require notice to the FDA [26] . The manufacturer may enact the manufacturing change 30 days after the FDA receives the notice, unless the FDA deems the notice inadequate and requests a more formal 135-day review. Finally, changes to a device's labeling to address a newly discovered safety concern (e.g., adding a contraindication) can be approved via a "special supplement" process, during which the manufacturer may enact the change prior to formal FDA approval [26] .
User Fees
In 2002, Congress acted to increase FDA's resources by requiring manufacturers to pay user fees for each device approval [28] . The user fee provision, which expires every 5 years, was renewed in 2007 and again in 2012 [29] . Currently, the FDA collects user fees for reviewing original PMAs and all supplement types except special supplements. For the 2014 fiscal year, an original PMA application costs $258,502, a panel-track supplement costs $193,890, and other supplement types cost $38,778 or less (Fig. 1 ) [30] . Small business may qualify for reduced fees for PMA and supplement applications [30] .
The PMA Pathway in Practice
Level of Evidence
Several investigators have studied how the FDA has implemented its charge to ensure safety and effectiveness of highrisk devices through the PMA pathway. Dhruva and colleagues found that for high-risk cardiovascular devices approved from 2000-2007, 27 % of premarket studies were randomized and 52 % included control groups [6] . Over a similar time frame, Kramer and colleagues found that 60 % of premarket studies for new cardiovascular devices had clearly defined safety outcomes, with important clinical comorbidities commonly unreported [8] . Chen and colleagues examined devices across multiple specialties approved via PMA and similarly found that 36 % were studied against an active control group [7] . All of the above studies reviewed original PMA applications. In addition, we recently found that among cardiac implantable electronic devices approved from 1979-2012, 77 original PMAs led to 5829 supplement applications [9••] . Of these supplements, over one-third represented a change to a device's design, and the FDA approved most of these supplements without requiring new clinical data to support safety and effectiveness. Furthermore, PMAs underwent a median 50 supplements over a median period of 15 years, and most cardiac implantable electronic device models currently used by clinicians were approved via a supplement pathways rather than as original PMAs [9••] .
The FDA uses pre-clinical testing, including mechanical engineering tests and animal studies, in addition to human trials to determine the safety and effectiveness of high-risk devices. In certain circumstances, pre-clinical studies may be more appropriate than clinical studies for evaluating device safety and effectiveness [31] . For example, new ICD leads studied in animals can be fired intentionally many times to evaluate performance, whereas clinical studies may offer fewer firing events leading to less valuable performance data [31] .
The FDA also utilizes the clinical experience and postmarket data from existing devices when determining safety and effectiveness for a new device. These existing devices may be previous versions of the device, other devices that perform similar functions, or experience with the device itself if it was previously approved for use in Europe or other international contexts. However, the FDA does not have a [30] mandate to require comparative effectiveness testing, and so studies comparing a new device to existing models are commonly not required for FDA approval [7] . Consequently, FDA approval of a high-risk device does not indicate that the device is superior to its predecessors.
Postmarket Surveillance
The "least burdensome" principle suggests that the FDA should sometimes rely on rigorous postmarket surveillance to complement medical device approval and potentially reduce the premarket testing burden [24] . However, the FDA's authority to require postmarket studies of medical devices is limited. The FDA can make non-binding recommendations for postmarket studies. Also, in 1990, the FDA was granted the authority to require manufacturers to conduct postapproval studies, named "522 postmarket surveillance studies," for certain high-risk medical devices [22] . Currently, the FDA may require a 522 study if failure of the device would lead to serious adverse health consequences, if the device is intended to be implanted into the body for more than one year, or if the device is intended to be life-sustaining or lifesupporting [32] .
FDA-mandated postmarket studies complement data collection through the FDA's adverse event reporting system, registries organized by the manufacturer or medical societies, and product performance reports from manufacturers [33•] . However, this piecemeal approach to data collection and the limitations of passive adverse event reporting in particular can lead to gaps in the availability of data and inconsistent analysis of data that are available. Hauser and colleagues simulated a prospective postmarket evaluation of the Sprint Fidelis ICD lead using a three-center database, finding that such active investigation may have raised red flags about early lead failure two years before Fidelis was actually taken off the market [34] . In the case of the recalled Riata ICD lead, the FDA did not mandate a postmarket study until after the lead was recalled in 2011 [33•] .
In recent years, the FDA has called for improved postmarket surveillance of medical devices as part of integrated strategies to protect public health [35] . To aid in this effort, in September 2013, the FDA ruled that all devices must include a unique device identifier as a first step toward allowing study of patients' experiences with medical devices in claims data [36] .
Transparency of FDA Decisions
Physicians and patients wishing to better understand the data supporting the safety and effectiveness of high-risk medical devices rely on the FDA to provide details about the decisionmaking process. The FDA publishes information about approved original and supplement PMA applications in an online PMA database [37] . Some proprietary information may be excluded from publication. For each approved original PMA and panel-track supplement, the FDA publishes a structured Summary of Safety and Effectiveness Data (SSED) report that contains information about the clinical and preclinical data reviewed prior to device approval. Starting in 2010, the FDA began publishing abbreviated Review Memos for approved 180-day supplements. For other types of supplements, the PMA database contains a few-sentence description of the approved change. The FDA launched a widespread transparency initiative in 2009 with the hopes of making more data available to the public, including the proposed publication of a PMA clinical trials database [38, 39] .
Legal Implications of Device Approval Pathways
Before the 1976 Medical Device Amendments, oversight of medical devices occurred mostly at the state law level. Thus, Congress included a clause in the legislation that ensured federal medical device oversight "preempted" any state statutes regulating medical devices [15] . In 2008, the US Supreme Court ruled in Riegel v. Medtronic that this clause also applied to preempt common-law tort claims brought by individuals against the manufacturer of a faulty device that was approved via the PMA pathway [4] . Essentially, Riegel provides immunity to device manufacturers against most lawsuits for injuries or deaths resulting from PMA-approved devices in which it is alleged that the manufacturer did not design the device properly or sufficiently warn patients about its risks [11] .
Writing for an 8-1 majority, Justice Antonin Scalia justified the outcome in Riegel by referring to the PMA as a "rigorous" process in which the "FDA spends an average of 1200 hours reviewing each application" to determine safety and effectiveness [4] . The Court also noted that PMA supplements were "evaluated under largely the same criteria as an initial application" [4] . As a result, courts have applied preemption to faulty devices that were reviewed as PMA supplements. Such was the case in a class action lawsuit against Medtronic for the recalled Sprint Fidelis ICD leads, in which the Court of Appeals for the Eighth Circuit ruled that claims against the manufacturer were preempted because the product was approved as a PMA supplement [40] .
The Riegel ruling stands in contrast to the 2009 case Wyeth v. Levine, in which the Supreme Court ruled that the FDA's regulatory oversight scheme for prescription drugs did not preempt state tort actions against drug manufacturers for faulty design or warnings about their products [41] . Interestingly, in 1996, the Supreme Court ruled in Medtronic v. Lohr that the 510(k) substantial equivalence standard used to clear many medium-risk medical devices did not justify preemption. Thus, only high-risk devices approved via the PMA process are protected by preemption [42] .
As a result of Riegel, patients may have difficulty collecting damages from manufacturers of high-risk devices that are approved by the FDA but are eventually found to be excessively dangerous [43] . One limitation to the ruling is that the preemption clause only prevents states from enacting requirements "different from, or in addition to" the regulations imposed by the FDA's approval process, thereby sparing state regulations that parallel the FDA scheme [43] . To qualify under the "parallel claims" principle, a plaintiff must prove that the device at issue was not manufactured in accordance with its PMA approval order [42, 43] . This is a difficult legal argument to make, and it may require proof from proprietary information that the FDA and manufacturers withhold from the public [44] . The parallel claims approach was not successful in one Medtronic Sprint Fidelis case, in which the Eighth Circuit ruled that the plaintiffs had simply re-packaged traditional liability arguments and called them parallel claims just to avoid preemption under Riegel [40] . However, in other recent cases, parallel claims were permitted [45, 46] . In Stengel v. Medtronic, the Court of Appeals for the Ninth Circuit ruled that the plaintiff's claims that Medtronic withheld known safety risks from the FDA related to the SynchroMed EL implantable medication pump were parallel to federal regulations and were thereby exempt from preemption [46] . Similarly, in Ramirez v. Medtronic, the District Court of Arizona ruled that the plaintiff established "parallel claims" in arguing that Medtronic had actively promoted off-label use of a liquid bone-graft substitute and obfuscated the risks associated with such use. Consequently, the Court denied in part Medtronic's motion to dismiss the claims on grounds of preemption [45] . Cases like Stengel and Ramirez have demonstrated that the Riegel ruling does not protect device manufacturers from all legal claims of wrongdoing, but the circumstances necessary to avoid preemption are limited.
After Riegel, members of Congress have introduced legislation on more than one occasion to modify the preemption language to prevent it from blocking liability claims against manufacturers [47] . However, to this point, no proposed legislation has made it out of committee.
Implications for Cardiologists and Patients with Cardiovascular Disease
No regulatory process is perfect and high-risk medical devices will inevitably reach the market with lingering uncertainties regarding safety and effectiveness [10•, 11, 48] . As such, cardiologists who use medical devices as a part of patient care should understand the strengths and weaknesses of the various pathways through which high-risk devices are approved for sale in the US.
Our review of the PMA regulatory process serves as a reminder that the evidence supporting FDA approval of high-risk devices varies considerably. While the FDA strives to assure safety and effectiveness of each new device, devices are often approved based on studies that may have important limitations and are nearly always short-term evaluations. The statutory "least burdensome" requirement has been interpreted to allow pre-clinical studies rather than clinical studies to approve some new devices [24] . Even when clinical studies are used to support a PMA application, recent articles have raised questions about the quality of the study designs [6] [7] [8] .
Furthermore, most new high-risk devices are approved via PMA supplement pathways, which are associated with smaller fees, have shorter review times, and often are approved without the need to collect premarket clinical data [9••, 30] . These features all encourage manufacturers to implement evolving technologies to create new models of devices that are incrementally different from previously approved versions. This helps facilitate rapid improvements in device technology, but also means that high-risk medical devices can gain PMA approval as supplements without any direct clinical study of the specific change made to the device.
To support device safety, the FDA has recently pushed for improved postmarket surveillance of high-risk medical devices [35] . While postmarket device evaluation is important, studies show that physicians are quick to adopt new device technologies once they gain FDA approval. One recent study of ICD registry data found that nearly two-thirds of ICDs implanted in the US are a manufacturer's newest model [49] . The patchwork device postmarket surveillance system that currently exists means that design flaws may not be identified until well after approval.
The Supreme Court's 2008 ruling in Riegel v. Medtronic further emphasized the importance of physicians exercising a cautious approach to use of new devices supported by limited data. The Riegel ruling limits the recourse available to patients harmed by devices that turn out to be dangerous and, in doing so, undermines the role that the risk of litigation plays in motivating device manufacturers to pursue timely postmarket device evaluation [50] . Congress has considered revising the preemption clause to permit cases against manufacturers of faulty devices, but no changes have been made. Were Congress to alter the preemption clause, they could eliminate the immunity that the Riegel ruling provides to manufacturers of faulty devices [47] .
Practicing cardiologists should recognize that FDAapproved devices undergo different levels of premarket investigation, and they should be aware of the data used to support a new device even once it gains approval via PMA. The FDA performs a detailed analysis of each approved device to reasonably assure safety and effectiveness. Newer devices may offer improvements over older versions that can benefit patients, such as increased battery life, improved wireless technologies, or smaller design. However, newer models may not have as much evidence to support their safety and effectiveness as older ones, and physicians should not make assumptions about the quantity and quality of evidence for devices that are approved by the FDA.
The FDA has made efforts in recent years to improve transparency, but more needs to be done to provide patients, clinicians, and policymakers with adequate information about all approved device models [38, 51] . Additionally, because PMA supplements allow for approval of new devices that differ only slightly from previous generations, researchers and policymakers should boost efforts to support studies evaluating the comparative effectiveness of medical devices. Such studies, while not part of the FDA's mandate, would provide valuable information to help physicians and patients when choosing between similar device models.
Conclusion
Medical devices are critically important to the field of cardiology, and physicians who use medical devices should be more aware about the regulatory processes supporting their availability. The FDA reviews high-risk devices for safety and effectiveness, and less premarket testing is required for devices that are modifications to existing devices. Furthermore, FDA approval is not intended to compare new device performance to previous iterations. Cardiologists who utilize devices should ensure that they incorporate these perspectives in helping patients understand the benefits and risks related to use of medical devices.
